Objective-Loss-of-function mutations of the ATP-binding cassette transporter A1 (ABCA1) gene cause Tangier disease, a rare genetic disorder with accumulation of lipid-laden macrophages and increased risk of atherosclerosis. Common variants of this gene may be a genetic factor for atherosclerosis in the general population. This study was performed to test the reported association between the Ϫ565CϾT polymorphism and atherosclerosis severity and to investigate whether this variant per se had an effect on promoter activity of the ABCA1 gene. Methods and Results-A cohort of patients with coronary atherosclerosis were genotyped for the Ϫ565CϾT polymorphism. Logistic regression analyses showed that homozygotes of the Ϫ565T allele had greatest mean number of diseased coronary arteries, particular in nonsmokers. Real-time reverse-transcriptase polymerase chain reaction showed that in atherosclerotic plaques removed from patients undergoing endarteretomy, ABCA1 expression levels were lowest in those who had the T/T genotype and highest in those of the C/C genotype. Transfection and reporter assays demonstrated that in cultured macrophages, the Ϫ565T allelic promoter had a lower activity in driving gene expression than the Ϫ565C allelic promoter. Electrophoretic mobility shift assays displayed differential binding of nuclear proteins to the 2 alleles.
A TP-binding cassette transporter A1 (ABCA1) plays a pivotal role in efflux of intracellular cholesterol and phospholipids. 1, 2 Loss-of-function mutations in the ABCA1 gene cause Tangier disease, a rare genetic disorder with accumulation of lipid-laden macrophages in tissues, absence of plasma high-density lipoprotein (HDL), and an increased risk of coronary artery disease (CAD) in some families. [3] [4] [5] A hypothesis has been put forward that ABCA1 gene variants that have high frequencies but modest effects may contribute to interindividual differences in CAD susceptibility and severity in the general population.
A polymorphism arising from a C-to-T substitution at position Ϫ565 (designated as Ϫ477 previously) in the ABCA1 gene promoter has been shown to be associated with severity of coronary atherosclerosis. 6, 7 To verify this finding, we examined this polymorphism in a cohort of patients with angiographically documented CAD from Southern England. We also investigated whether ABCA1 was expressed at different levels in individuals with different Ϫ565CϾT genotype, and whether the polymorphism had an effect on promoter activity of the ABCA1 gene.
Subjects and Methods Subjects
A cohort of 1170 white patients with CAD recruited from the Southampton General Hospital were genotyped for the Ϫ565CϾT polymorphism. All subjects had Ͼ50% stenosis in at least 1 of 16 segments of the coronary arteries, determined by coronary angiography. The characteristics of the subjects have been described previously. 8 Data for fasting levels of triglycerides, total cholesterol, HDL cholesterol, and low-density lipoprotein cholesterol were available for 1006, 1089, 630, and 319 subjects, respectively. The study was approved by the local ethical committee and all subjects gave written consent. AAGCAGCCCATTACCCAGAGGACTGGCC (forward inner primer), GCCTAGGCTGGGGTGAGGGGAAGTCA (reverse inner primer), GATGTTCCTCTCGGGTCCTCTGAGGGACC (forward outer primer), and AGCCAAGGGCACCAGTGGAATTTGCTTC (reverse outer primer).
Real-Time Reverse-Transcriptase Polymerase Chain Reaction
RNA was extracted from a section of atherosclerotic plaques removed from patients undergoing carotid endarterectomy and converted to cDNA using an oligo-dT 15 primer. An adjacent section was stained with hemoxylin and eosin, and the percentages of fibrous tissue area and soft-lipid area were determined histologically with the use of a grid. Macrophages in an adjacent section of the atherosclerotic plaques were immunohistochemically stained with an antibody for CD68. Real-time polymerase chain reaction of the ABCA1 gene was performed in duplicates, using the following primers: GGACATGCGCAAAGTTCTGA (forward primer, located in exon 5) and CAGGAAATCTTGAAGCTTCAAG (reverse primer, located in exon 6). Polymerase chain reaction specificity was confirmed by dissociation curve analysis and gel electrophoresis. The 2 Ϫ⌬⌬CT method described by Livak and Schmittgen 10 was used to analyze the results. In brief, the Ct (threshold cycle) value of the ABCA1 gene was subtracted by the Ct value of a reference housekeeping gene (36B4, acidic ribosomal phosphoprotein P0) [11] [12] [13] to standardize for the amounts of RNA template and efficiencies of reverse transcription. The resulting ⌬Ct values were then converted to a linear form using 2 Ϫ⌬Ct and compared between genotype groups.
Transient Transfection and Reporter Assays
Promoter activity was analyzed using methods described previously. 14 Two sets of plasmid constructs were generated. In one set of these constructs, oligonucleotides corresponding to the sequence from nucleotide Ϫ575 to Ϫ550 (relative to the transcription start site) in the ABCA1 gene promoter, with either a C or T at the Ϫ565 polymorphic site, 7 were inserted into the pGL3-promoter vector (Promega, UK) ( Figure 1A ). In the other set of constructs, ABCA1 gene promoter sequences (position Ϫ588bp to ϩ21bp), with either a C or T at the Ϫ565 polymorphic site, were inserted into the pGL3 basic vector (Promega) ( Figure 1B ). These constructs, together with the pRL-TK plasmid (Promega), were used to transfect cultured macrophages (RAW264.7 cells from ATCC). At 48 hours after transfection, the cells were lysed and subjected to luciferase activity assay using a dual-luciferase reporter assay system (Promega). The result is expressed as the ratio of firefly luciferase activity over Renilla luciferase activity.
Electrophoretic Mobility Shift Assay
Double-stranded oligonucleotide probes (C: AGAGGACTGTC-CGCCTTCCCCTCACC; and T: AGAGGACTGTCTGCCTTC-CCCTCACC) corresponding to the sequence from nucleotide Ϫ575 to Ϫ550 in the ABCA1 gene promoter, 7 with either a C or T at the Ϫ565 polymorphic site were labeled with [␥-32 P] ATP. The probes were incubated with nuclear protein extracts from RAW264.7 cells or THP-1 cells, in the presence or absence of competitors, ie, unlabeled probe C (referred to as competitor C), unlabeled probe T (referred to as competitor T), or a nonspecific sequence (referred to as nonspecific competitor). Protein-DNA complexes were resolved by polyacrylamide gel electrophoresis and detected by autoradiography.
Statistical Analyses
The HWE program (ftp://linkage.rockefeller.edu/software/utilities) was used to examine whether the observed genotype distribution deviated from Hardy-Weinberg equilibrium. ANOVA and 2 analysis were performed to test differences between genotype groups in age, gender ratio, smoking habit, body mass index, plasma levels of total cholesterol, HDL cholesterol and triglyceride, hypertension, diabetes mellitus, and family CAD history. Ordinal logistic regression analyses were performed to examine differences in number of diseased coronary arteries between genotype groups. The t test and ANOVA were used to assess differences in ABCA1 transcript abundance in atherosclerotic plaques from patients with different genotypes and differences in luciferase activity in cells transfected with different constructs.
Results

Genotypic Effects of the ؊565C>T Polymorphism on Atherosclerosis Severity
A total of 1159 of the CAD patients were successfully genotyped for the Ϫ565CϾT polymorphism. The frequencies of the C/C, C/T, and T/T genotypes in this cohort were 0.30 (nϭ351), 0.49 (nϭ565), and 0.21 (nϭ243), respectively. This genotype distribution was consistent with Hardy-Weinberg equilibrium.
There was no significant difference in plasma levels of total cholesterol, HDL cholesterol, low-density lipoprotein cholesterol, and triglycerides among the genotype groups (Table 1) . Age, gender ratio, percentage of smokers, prevalence of hypertension, and diabetes mellitus did not significantly differ among the genotype groups (Table 1 ).
In the sample as a whole, there was a trend toward greater number of diseased coronary arteries in T/T homozygotes, but the differences were not statistically significant ( Table 2) . Logistic regression analysis revealed an interaction between genotype and smoking in determining the number of diseased vessels (Pϭ0.009). Therefore, further analyses of ABCA1 genotypic effects were performed in smokers and nonsmokers separately. In nonsmokers, the number of diseased vessels were greatest in homozygotes for the T allele, intermediate in heterozygotes, and smallest in homozygotes for the C allele (Pϭ0.001 for T/T versus C/C, and Pϭ0.03 for T/C versus C/C; Table 2 ). These differences remained significant after adjusting for age, gender, body mass index, cholesterol levels, HDL levels, and diabetes (Pϭ0.002 for T/T versus C/C, and Pϭ0.02 for T/C versus C/C; Table 2 ). In smokers, these measurements did not significantly differ among the genotype groups (Table 2 ). There was also an interaction between gender and genotype (Pϭ0.02). The association between the T allele and greater number of disease vessels was most pronounced in female nonsmokers, less pronounced in male nonsmokers, and not significant in female and male smokers ( Table 2 ).
Less ABCA1 Expression in ؊565T Allele Carriers
To investigate whether ABCA1 expression in atherosclerotic plaques differed between patients of different genotypes for the Ϫ565CϾT polymorphism, ABCA1 mRNA levels in atherosclerotic plaques were quantified using the real-time reverse-transcriptase polymerase chain reaction method. The assays showed that the amounts of ABCA1 transcript were lowest in T/T homozygotes and highest in C/C homozygotes, and the differences remained after adjusting for age, gender, smoking, macrophage contents in atheroma, percentage of fibrous tissue in atheroma, and percentage of soft lipid area in atheroma (Pϭ0.041; Table 3 ).
Allele-Specific Effect of the ؊565C>T Polymorphism on Promoter Activity
To investigate whether the Ϫ565CϾT polymorphism had an effect on promoter activity, transient transfection and luciferase reporter gene assays were performed in cultured macrophages. In these experiments, the amount of luciferase produced by the construct containing the T allelic sequence was lower than that produced by the construct containing the C allelic sequence (Figure 1 ).
Allele-Specific Effect of the ؊565C>T Polymorphism on Binding of Nuclear Proteins to the ABCA1 Gene Promoter
To investigate whether the Ϫ565CϾT polymorphism was located at a transcription factor binding site and, if so, whether the binding of the transcription factor(s) differed for the C and T alleles, electrophoretic mobility shift assays were performed in which radiolabeled probes corresponding to the C or T allele were incubated with nuclear protein extracts from monocytes/macrophages, ie, RAW264.7 and THP-1 cells, respectively. In the assays with RAW264.7 cell nuclear protein extracts (Figure 2A ), 3 major DNA-protein complexes were readily detected using the probe corresponding to the C allele (lane 1), and the intensities of these bands were markedly reduced in the presence of unlabeled C allele probe (lanes 2 and 3), but not affected by unlabeled T allele probe (lanes 4 and 5) or a nonspecific competitor (lane 6). The intensities of these bands were substantially weaker in the assays using the probe corresponding to the T allele (lanes 7 to 12; Figure 2A ). In the assays with THP-1 cell nuclear protein extracts ( Figure 2B ), a major DNA-protein complex was detected using the C allele probe, and its band intensity was markedly reduced in the presence of unlabeled C allele probe. The intensity of the corresponding band was substantially lower in the assays using the T allele probe ( Figure 2B ).
Discussion
The results of this study are consistent with the notion that ABCA1 gene variations may contribute to interindividual variability in atherosclerosis susceptibility and severity. The study showed that individuals carrying the T allele were more likely to have more severe atherosclerosis, supporting the findings from a study by Lutucuta et al. 6 In addition, we found that ABCA1 expression levels in ex vivo atherosclerotic tissues were lower in T allele carriers, a possible mechanism for greater atherosclerosis in such individuals. In concordance with this finding, the in vitro assays in macrophages showed that the T allelic promoter had a lower activity in driving gene expression than the C allelic promoter, and that there were differential binding of nuclear proteins with the 2 allelic promoters, which could be a explanation for the difference in promoter activity between the 2 alleles. These data suggest that the Ϫ565CϾT polymorphism is not merely a genetic marker for other polymorphisms at this genomic locus through linkage disequilibrium but rather has a direct effect on ABCA1 expression.
A number of polymorphisms in the ABCA1 gene have been identified. In a recent study in which 13 polymorphisms in the promoter and 10 in the coding region of the gene were analyzed in relation to plasma apoAI levels and risk of myocardial infarction, Tregouet et al found that among the promoter polymorphisms studied, only the Ϫ565CϾT was associated with apoAI levels (no associa-tion of myocardial infarction with any of the promoter polymorphisms was found, and there was no significant linkage disequilibrium between the promoter polymorphisms and coding region polymorphisms), which highlights the importance of the Ϫ565CϾT polymorphism. 15 Previously Lutucuta et al 6 showed that patients carrying the Ϫ565T allele had more severe coronary atherosclerosis. In agreement with their finding, we observed in the present study a trend toward greater atherosclerosis in Ϫ565T allele carriers in the sample as a whole. In addition, we detected interactions of genotype with smoking and gender, with a significant association of the T allele with greater atherosclerosis severity in nonsmokers, particularly in females. An interaction between another ABCA1 gene polymorphism (ie, R219K) and smoking has been reported previously, although the underlying mechanisms remain unknown. 16 Several other polymorphisms in the ABCA1 gene have been associated with various cardiovascular traits. For example, the R219K polymorphism has been shown to be associated with risk of myocardial infarction and/or severity of atherosclerosis, [15] [16] [17] [18] [19] the V825I, M883I, and R1587K polymorphisms with various cardiovascular traits, 17, 20, 21 the Ϫ191GϾC, Ϫ17CϾG, and 69CϾT polymorphisms with risk of coronary events in patients with coronary atherosclerosis, 22 and the 319insG polymorphism with severity of atherosclerosis. 22 Taken together, these data suggest that the development and outcome of atherosclerosis might be influenced by a qualitative change of the ABCA1 protein caused by coding region variants and a quantitative change in ABCA1 expression caused by regulatory region variants.
There is, however, some differences in the findings of different studies. For example, in a study of 465 Japanese patients with myocardial infarction or angina pectoris, Takagi et al 23 did not find an association between severity of atherosclerosis and the Ϫ565CϾT polymorphism, nor did they find an association between severity of atherosclerosis and the ABCA1 gene R219K polymorphism, which has been shown to be associated with atherosclerosis severity in several other studies. [15] [16] [17] [18] [19] Thus, it appears that the genotypic effects of ABCA1 may be influenced by other factors such as genetic backgrounds and environmental factors.
There is emerging evidence suggesting that ABCA1 gene variants can exert phenotypic effects on atherosclerosis independent of changes in plasma lipid levels. 6,16 -18,22 The results of the present study are in agreement with this notion. There was no significant difference in plasma levels of total cholesterol, HDL cholesterol, low-density lipoprotein cholesterol, and triglycerides among the Ϫ565CϾT genotype groups in the sample examined in this study. Lutucuta et al 6 also found no significant difference in lipid levels between the Ϫ565CϾT genotype groups, whereas Zwarts et al found no association between lipid levels and the Ϫ191GϾC, Ϫ17GϾC, C69T, and 319ins polymorphisms, which were associated with coronary events or atherosclerosis severity. Interestingly, a study of ABCA1 transgenic mice 24 and a study of mice that were selectively deficient in leukocyte ABCA1 25 showed that ABCA1 had a significant effect on the development of atherosclerosis in the absence of a significant influence on plasma HDL cholesterol level. However, the increase in ABCA1 level in the transgenic mice resulted in a significant increase in efflux of cholesterol from macrophages, 24 suggesting that changes in ABCA1 activity and reverse cholesterol transport may alter the net flux of cholesterol from the vessel wall toward the liver, without necessarily altering plasma lipid levels.
In summary, the results of this study showed that the Ϫ565CϾT polymorphism of the ABCA1 gene has an allelespecific effect on promoter activity and ABCA1 mRNA Nuclear protein extracts derived from RAW264.7 monocytes/macrophages were incubated with radiolabeled probes corresponding to the C allele (lanes 1 to 6) or the T allele (lanes 7 to 12) in the absence or presence of competitors. Lanes 1 and 7, no competitor; lanes 2 and 8, competitor C in 10-fold molar excess (ϩ); lanes 3 and 9, competitor C in 20 molar excess (ϩϩ); lanes 4 and 10, competitor T in 10-fold molar excess (ϩ); lanes 5 and 11, competitor T in 20-fold molar excess (ϩϩ); lanes 6 and 12, a nonspecific competitor (X) in 20-fold more excess (ϩϩ). Arrows indicate DNAprotein complexes. B, Representative results of electrophoretic mobility shift assays with nuclear extracts from THP-1 cells. Nuclear protein extracts derived from THP-1 monocytes/macrophages were incubated with radiolabeled probes corresponding to the C allele (lanes 1 to 4 in the panel on the left, and lanes 1 to 3 in the panel on the right) or the T allele (lanes 5 to 8 in the panel on the left, and lanes 4 to 6 in the panel on the right) in the absence or presence of competitors. C indicates competitor C; T, competitor T; X, nonspecific competitor; arrows, DNA-protein complexes; Ϫ, no extract; ϩ, 0.01 mg/mL extract; ϩϩ, 0.03 mg/mL extract; ϩϩϩ, 0.1 mg/mL extract. Shown are mean ⌬Ct values ͓the Ct (threshold cycle) value of the ABCA1 gene subtracted by the Ct value of the reference housekeeping gene͔ in different genotype groups; the larger the ⌬Ct value, the lower the mRNA level.
*Adjusted for age, gender, smoking, macrophage contents in atheroma, percentage of fibrous tissue in atheroma, and percentage of soft lipid area in atheroma.
expression in atherosclerotic plaques, and provide further evidence of a genotypic effect of this polymorphism on atherosclerosis severity, consistent with the notion that common polymorphisms in the ABCA1 gene may contribute to interindividual variability in susceptibility to and severity of atherosclerosis.
